Ammonia volatilisation has generally been reported as, or assumed to be, the main nitrogen removal mechanism in waste stabilisation ponds (WSP). Nitrogen removal via ammonia volatilisation is based on two observations: (a) in-pond pH values can reach high values (.9, even .10), so increasing the proportion of the total ammonia present as the un-ionized form or free ammonia (NH 3 ); and (b) in-pond temperatures can also be high, so improving the mass transfer rate of free ammonia to the atmosphere. Consequently, one of the most widely accepted models for ammonia removal in WSP is that reported by Pano & Middlebrooks in 1982, which was developed to reflect the occurrence of these two observations. This work reports how simple mathematical models for ammonia volatilisation in WSP, in spite of the possibility of their giving good predictions, may not accurately describe the main pathways and mechanisms involved in ammonia removal in WSP.
INTRODUCTION
Ammonia volatilisation has been reported as the main nitrogen removal mechanism in waste stabilisation ponds (WSP) during periods when temperature and pH (.10) are favourable (Maynard et al. 1999) . Ammonia removal in WSP has been estimated by using the model developed by Pano & Middlebrooks (1982) , which is one of the most widely accepted to describe ammonia volatilisation processes in facultative and maturation ponds. This model is based on first-order kinetics in a completely mixed reactor and is dependent on variables such as pH, temperature and hydraulic loading rate. Similar conclusions with regard to the importance of ammonia volatilisation on nitrogen removal in WSP have been also reported by using masstransfer models which specifically consider the aqueous ammonia-water equilibrium system (Rockne & Brezonik 2006) . Slight variations from the original Pano and Middlebrooks model have been reported in order to introduce the effect of local weather and operational characteristics, and their authors agreed that ammonia volatilisation could be the predominant pathway for nitrogen and ammonia removal in WSP (Silva et al. 1995; Soares et al. 1996; Bastos et al. 2007) . Indeed it is also assumed to be the predominant pathway in current models developed for plug-flow and complete-mix conditions and used for predicting total nitrogen removal in WSP (Crites et al. 2006) . However, none of these models has been calibrated or validated by means of direct measurements of ex-pond ammonia volatilisation rates. Recent work reported by Zimmo et al. (2003) , Zhou et al. (2006) and Camargo Valero & Mara (2007a) have pointed out that ammonia volatilisation makes only a small contribution to the overall performance of nitrogen removal in WSP, despite the fact that the Pano and Middlebrooks model and its variations still make reasonable predictions of ammonia removal within facultative and maturation ponds.
In this paper we review the evidence for and against the usefulness of the Pano and Middlebrooks model for ammonium removal in facultative and maturation ponds. doi: 10.2166/wst.2010.856 AMMONIA VOLATILISATION FROM ALKALINE WATERS Kreft et al. (1958) published a short note on the possibility of removing ammonia from wastewater effluents by raising the pH. They were working on wastewater works effluent and found that ammonium disappeared from solutions of the order of 20 -50 mg N/L within hours when these solutions were buffered to a pH , 8.4, whereas at pH values of 4.5-6.5, there was no appreciable disappearance after a week. Indeed, the chemical equilibrium between ammonium (NH 4 þ , ionic form) and free ammonia (NH 3 , un-ionized gaseous form) makes ammonia volatilisation a feasible mechanism for ammonium removal in alkaline waters. Ammonia in an aqueous solution acts as a weak base in a dynamic equilibrium between ammonium and ammonia; this equilibrium (Equation (1)) depends mainly on pH but also on the dissociation constant (K b ) which is temperature-dependent (Equations (2) and (3) ; Emerson et al. 1975) . The mass transfer process of ammonia from an aqueous solution into the atmosphere depends on the concentration of free ammonia in the liquid phase and its partial pressure in the atmosphere above the water surface (Henry's law), as well as on other factors such as the water surface turbulence, air velocity above the water surface, pH, temperature and mixing properties of the liquid (Stratton 1969) . Therefore at appropriate temperatures and pH values ammonia can be released from water by volatilisation to the atmosphere. This principle has been in use for the design of desorption towers in industrial wastewater treatment, which require a high air-to-water ratio as the ammonia mass transfer is a gas phasecontrolled process (Patoczka & Wilson 1984) .
For many practical purposes the percentage of un-ionized ammonia can be expressed as a function of pH and K b values at a specific water temperature (Equation (4)). (5)), Stratton reported the relationship between the rate constant for ammonia losses with water temperature (at pH 8.5) and pH (at 208C) (Equations (6) and (7), respectively). Equation (5) (6) and (7) correspond to the net disappearance rate of ammonia from clean water which is an ideal aqueous system with no biological activity; thus k values are not mass transfer coefficients for either the aqueous ammonia-clean water system or the aqueous ammonia-pond water system.
In Equation (5 lower. Even so, it was estimated that ammonia volatilisation would contribute to remove only ,5.8 percent of the total daily influent ammonia entering Elfin Forest Lake.
Based on the results from experiments with synthetic water, Stratton's (1968 Stratton's ( , 1969 work clearly demonstrated that ammonia could be removed from alkaline waters without any biological activity; thus ammonia volatilisation could be considered the main mechanism for ammonium removal when waters are buffered to pH values higher than 8.5.
However, and most importantly, he also showed that very low ammonia volatilisation rates were obtained in alkaline waters which had a high algal activity such as WSP waters. (Stratton 1968 (Stratton , 1969 ; therefore, ammonia volatilisation was initially adopted as the main nitrogen removal mechanism in WSP. Arguments made in support of this assumption considered that low temperatures, good mixing conditions and low biological activity would provide a perfect niche for the supremacy of ammonia stripping over other feasible ammonium removal processes (e.g., ammonia assimilation in algal biomass).
THE PANO AND MIDDLEBROOKS MODEL
Paradoxically, high biological-mainly algal-activity is the only available route to guarantee high pH values in WSP and consequently the presence of free ammonia.
The mass balance reported by Pano & Middlebrooks (1982) for ammonia stripping in a completely mixed reactor under steady-state and continuous flow conditions produced the mathematical model reported in Equation (8) below. However, they considered that their model should contemplate other removal mechanisms such as ammonia removal through biological activity and ammonia releasing into pond water column from anaerobic activity at the bottom of the pond along with ammonia volatilisation.
Therefore, rather than using the equation developed for ammonia stripping (Equation (8)), they decided to consider a more general expression for ammonia nitrogen removal which would follow first-order kinetics in a reactor with a flow pattern very close to completely mixed conditions (Equation (9)). The resulting models were calibrated and validated against monthly mean influent and effluent ammonium concentrations from the three WSP systems under study for temperatures up to 208C and for those between 21 to 258C (Equations (10) and (11), respectively). 
